As part of an ongoing surveillance program of antibiotic-resistant Streptococcus pneumoniae in Sofia, Bulgaria, 120 penicillin-resistant strains (PRSP) (most of them recovered from children hospitalized with pneumococcal disease) were analyzed by microbiological and molecular methods. Several unique features of this collection are of particular interest. (i) Most isolates (112 of 120) were also resistant to trimethoprim-sulfamethoxazole (SXT) (97 of 120 isolates, or 80%), and over 70% (86 of 120) of the isolates were resistant to at least three antibiotics in addition to penicillin. (ii) Close to 80% of all isolates were represented by large clusters of bacteria, each with a unique serotype, antibiotype, and chromosomal macrorestriction pattern (determined by pulsed-field gel electrophoresis), as well as unique restriction fragmentation length polymorphisms of the penicillin-binding protein genes pbp1a, pbp2x, and pbp2b. (iii) A large proportion (45 of 120, or 38%) of the strains belonged to two internationally spread epidemic clones of S. pneumoniae, the first expressing capsular type 23F and the second expressing serotype 9. (iv) A unique Bulgarian cluster composed of eight serotype 19F isolates was resistant to tetracycline, SXT, cefotaxime, and extremely high levels of penicillin and erythromycin. Nevertheless, this clone did not react with either the erm or the mef DNA probes, and thus the mechanism of macrolide resistance in this group of PRSP remains to be elucidated.
Several recent studies indicate that the frequency of penicillin-resistant and multidrug-resistant Streptococcus pneumoniae bacteria has continued to increase in the 1990s (22) . Mechanisms involved include the acquisition of penicillin resistance genes by susceptible isolates, generating bacteria for which the penicillin MICs were moderately increased, and the geographic spread of genetic lineages (clones) for which penicillin MICs are most frequently elevated (1 g/ml or higher) and that usually also carry resistance traits to other antimicrobial agents. One such epidemic penicillin-resistant clone is the "Spanish/USA clone," usually expressing the 23F serotype and which has spread to several countries in Europe (6, 7, 14, 18, 21, 26, 30) , North and South America (18, 28) , the Far East (16, 25) , and South Africa (11) . A second, extensively spread clone, sometimes referred to as the "French/Spanish clone," usually classified as serogroup 9 or serotype 14, and carrying resistance to penicillin and trimethoprim-sulfamethoxazole, has spread to several countries in Europe and South America (8, 9, 13, 17, 18, 28) .
Methods of molecular epidemiology have begun to play an increasingly important role in identifying the nature of genetic traits carried by these strains and in tracing their routes of geographic dispersal.
A recent survey indicated that S. pneumoniae bacteria with reduced susceptibilities to penicillin (PRSP) constitute a high proportion (25%) of invasive and colonizing isolates in Bulgaria (22) . In the follow-up study described here we used molecular fingerprinting techniques in order to better understand the nature and origin of the penicillin-resistant Bulgarian strains of S. pneumoniae. Our data indicate that a surprisingly large proportion of PRSP from Bulgaria for which penicillin MICs are 1 g/ml or higher are members of the Spanish/USA or French/Spanish clone, suggesting the importation of these strains from abroad. The molecular fingerprinting techniques also identified three hitherto unseen PRSP lineages: one highly penicillin-resistant and multidrug-resistant cluster of serotype 19F and large clusters of serotypes 6B and 14, respectively, both of which were represented by isolates with low-level penicillin resistance accompanied by resistance to erythromycin and tetracycline. Each of these three clusters appears to be unique to this Bulgarian collection of PRSP. dations. The molecular weights of the hybridization signals and the corresponding SmaI fragments were determined by comparison with a molecular weight ladder. Probes. DNA probes for ermB and mefE genes were obtained through PCR using, as templates, S. pneumoniae 02J 1095 (for ermB) and 02J 1175 (for mefE) and, as primers, GAAAARGTACTAACCAAATA and AGTAAYGGTACTT AAATTGTTTAC (for ermB) and AGTATCATTAATCACTAGTGC and CGT AATAGATGCAATCACAGC (for mefE), generated on the basis of sequences published by Sutcliffe et al. (24) .
It has been previously shown that some streptococcal isolates carry chloramphenicol acetyltransferase (CAT) genes belonging to both cat pC194 and cat pC221 classes (4, 29) . In order to design primers, protein sequences of the CAT determinants belonging to both classes (GenBank accession no. V01277, J01754, K01998, X65462, S50737, X60827, S45036, X02529, and X02872) were aligned, and primers were designed to match the conserved regions. The pair of primers thus obtained, CATd (TTAGGYTATTGGGATAAGTTA) and CATr (CATG RTAACCATCACAWACAG), was used to amplify a 338-bp fragment internal to the cat gene (235 to 572 bp of the coding region of the cat gene of plasmid pC164). In order to generate the probe template DNA, the chloramphenicolresistant strain 8249 was used in a PCR, with annealing at 47°C for 30 s and extension at 72°C for 1 min for 30 cycles. Primers used for generating the tetM probe were TETMd (TGGAATTGATTTATCAACGG) and TETMr (TTCCA ACCATACAATCCTTG), designed to amplify a 1,080-bp region internal to tetM (15) and corresponding to nucleotides 529 to 1608 of GenBank accession no. X52632. Preparations of template and the strain used were the same as for the preparation of the CAT probe. PCR was performed with annealing at 50°C for 30 s and extension at 72°C for 1 min for 30 cycles.
Preparation of chromosomal DNA and fingerprinting of the pbp1a, pbp2b, and pbp2x genes. Chromosomal DNA was prepared as described by Dowson et al. (5) . The pbp2b and pbp2x genes were amplified as 1.5-and 2-kb fragments, respectively, by PCR as described by Dowson et al. (5) and Munoz et al. (18) . The pbp1a gene was amplified as a 2.4-kb fragment by PCR using, as primers, the oligonucleotides PN1A up (dACTAGTTGCAACAACTTCTAG) (downstream of the start codon of pbp1a; GenBank accession no. M90527) and PN1A down (dGCTCATCATCAGATAGTTCA) (upstream of the stop codon of pbp1a) (18) . The same PCR conditions were used in the cases of pbp2b and pbp2x. The amplification products (20 l each) were purified with the Wizard PCR purification system, according to the manufacturer's instructions, digested by restriction endonucleases HinfI (pbp1a), StyI (pbp2b), and MseI plus DdeI (pbp2x), and separated by electrophoresis in 6% nondenaturing polyacrylamide gels.
RESULTS
Clinical, demographic, and microbiological properties. Table 1 summarizes the relevant properties of the clinical isolates examined, including their dates of isolation, infection sites, serotypes, penicillin resistance levels, antibiotic resistance patterns, and the assignment of PFGE patterns, as determined after SmaI digestion of chromosomal DNA preparations and separation by contour-clamped electrophoresis. Resistance to penicillin, chloramphenicol, tetracycline, trimethoprim-sulfamethoxazole, and cefotaxime were determined, as described in Materials and Methods. PFGE patterns and subtypes were defined according to the recommendations in reference 27.
While the collection period for the 120 Bulgarian isolates included the entire span of years between 1991 and 1997, the majority of the isolates (89 of 120) were collected between 1993 and 1995. Only two isolates originated in 1991, nine originated in 1996, and five originated in 1997.
The majority of PRSP (100 of 120) were from the Hospital of Infectious Diseases (HID) in Sofia, the capital of Bulgaria, from a variety of clinical sources from children under 5 years of age who had been hospitalized with pneumococcal disease.
The PRSP expressed 10 different capsular types with the majority (110 of 120) belonging to six pediatric serotypes: 29 isolates in serotype 6, 25 in serotype 23F, 22 in serotype 9, 15 in serotype 14, 10 in serotype 15, and 9 in serotype 19. The remaining 10 isolates were in serotypes 4, 21, and 33 or were nontypeable.
Penicillin resistance level and PFGE type. For 48 (40%) of the 120 PRSP, penicillin MICs were 1 to 8 g/ml, and for the other 72 (60%), they were between 0.1 and 0.5 g/ml. We shall refer to these two groups of strains as high-level and low-level penicillin-resistant strains. Most of the high-level PRSP (43 of 48, or 86%) belonged to three clusters, each with a distinct PFGE type. The first of these clusters (13 isolates) showed PFGE pattern A, characteristic of the internationally spread serotype 23F multiresistant Spanish/USA clone of S. pneumoniae (Fig. 1) . PFGE pattern A was present in six subtypes, defined according to the recommendations in reference 27. The second most frequent PFGE pattern (arbitrarily referred to as pattern I and represented by 22 isolates) was that of another internationally spread (French/Spanish) S. pneumoniae clone, which was also resistant to trimethoprim-sulfamethoxazole and expressed serotype 9A or 9V. Chromosomal macrorestriction patterns of the French/Spanish clone generated by two different restriction endonucleases are shown in Fig. 2A and B. Isolates with a PFGE pattern similar to that of the serotype 9 strains but expressing capsular type 14 are shown in Fig. 2C , and the hybridization of the same strain with the mef DNA probe is shown in Fig. 2D .
A third highly penicillin-resistant cluster with a novel PFGE pattern (pattern K; eight isolates) appears to represent a hitherto undescribed genetic lineage for which penicillin MICs are high (4 to 8 g/ml) and which expresses serotype 19F or 19A (Fig. 3A) . Hybridization patterns with the tetM DNA probe are shown in Fig. 3B . The remaining five high-level PRSP each had six different PFGE types (see lanes 10 to 14 in Fig. 3A) and four different serotypes. Most of the low-level PRSP (52 of 70, or over 70%) were also represented by clusters (which were arbitrarily defined as PFGE types shared by at least five independent isolates). The most prominent of these clusters consisted of 24 isolates belonging to serogroup 6 with PFGE type E (Fig. 3C ) and showing a doublet band of hybridization with ermB (Fig. 3D) . A second cluster of 14 isolates with serotype 14 and PFGE type J was also identified. Nine additional isolates with serotype 15 had PFGE type M, and a group of five strains with serogroup 23 had PFGE type B. The rest of the 18 low-level PRSP were represented by bacteria with ten different PFGE types and six distinct serotypes. While the PRSP in this collection of 120 bacteria exhibited a total of 20 different PFGE types and 10 different serotypes, more than 75% of all these pneumococcal isolates (93 of 120), both among the low-and high-level resistant strains, could be accounted for by as few as six distinct PFGE types and six associated serotypes.
Resistance to antibiotics other than penicillin. Perhaps the most unique feature of this collection of PRSP was that the overwhelming majority of the isolates (112 of 120, or 93%) showed resistance to at least one and usually more than two (86 of 120, or 71%) generically different antibacterial agents in addition to penicillin. Only 8 of the 120 isolates showed resistance to penicillin alone, and this small group of bacteria were represented by six different PFGE types. The single most frequent resistance trait accompanying penicillin resistance was resistance to trimethoprim-sulfamethoxazole (97 of 120 strains, or 80%). The nature of antibiotic resistance mechanisms. Table 2 summarizes the results of experiments in which the Bulgarian PRSP showing resistance to a variety of antimicrobial agents other than penicillin were tested with DNA probes for the appropriate genetic determinants. All isolates showing tetracycline resistance gave a positive hybridization with the tetM DNA probe, and most isolates exhibiting resistance to chloramphenicol were probe positive with the cat16 DNA probe. However, a group of chloramphenicol-resistant isolates gave no signal with this particular DNA probe (Table 2) . We have no explanation for this discrepancy at the present time. Erythromycin-resistant isolates showed three kinds of results. Most, but not all, of the highly erythromycin-resistant isolates reacted with the ermB DNA probe, while strains for which erythromycin MICs were low (4 to 8 g/ml) reacted with the mefE probe. The third group of isolates, all with high-level erythromycin resistance (MICs of 500 to over 1,000 g/ml), gave negative results with both the ermB and mefE probes. These latter isolates belonged to a single clone of serogroup 19 and had a common PFGE pattern referred to as pattern K. The table also shows the antibiotic resistance phenotypes, serotypes, and PFGE patterns as well.
Polymorphism of the penicillin-binding protein genes pbp1a, pbp2x, and pbp2b. Appropriate primers were used to amplify the penicillin resistance genes pbp1a, pbp2x, and pbp2b from representative isolates of the PRSP belonging to the different PFGE types, and restriction fragment length polymorphism (RFLP) fingerprints were compared after restriction with a combination of endonucleases (Fig. 4A to C) . The number assignments used to differentiate pbp gene fingerprints (Table 3) were arbitrary and were used simply to indicate their identities. Pneumococcal isolates with PFGE patterns A, E, I, and K each exhibited unique RFLP fingerprint patterns for the pbp1a and pbp2b genes. In the case of isolates with PFGE patterns A, E, and I, fingerprint patterns generated from the pbp2x gene were also unique and characteristic of these three PFGE types. However, in the case of the bacteria with PFGE pattern K, large isolate-to-isolate variation was observed in the pbp2x fingerprint pattern (six distinct RFLPs in eight different isolates). It is interesting to note that this particular group of isolates represents the unique serogroup 19 clone with a high level of penicillin resistance and multidrug resistance (Table 3) .
DISCUSSION
The examination of the PRSP from Bulgaria with microbiological and molecular techniques has revealed several interesting features of this collection.
A surprisingly large fraction of the isolates (93 of 120, or close to 80%) were represented by clusters of strains, each exhibiting unique antibiotypes, serotypes, and PFGE patterns and unique RFLPs of their pbp genes as well. Also clonal was the distribution of other antibiotic resistance genes identified by a variety of DNA probes. Most interesting was the distribution of the macrolide resistance genes. For instance, all isolates of the unique serogroup 6 cluster, with the arbitrarily assigned PFGE pattern E and for which penicillin MICs were 0.1 g/ml, reacted with the ermB DNA probe (a doublet of hybridizing bands) and showed an extremely high level of erythromycin resistance (MIC range, 1 to 2 mg/ml). The two identical SmaI fragments also gave a strong hybridization signal with their tetM probes.
A second unique cluster of serotype 14 pneumococci, for which penicillin MICs were between 0.1 and 1 g/ml and with a common PFGE pattern called pattern J, reacted with the mefE DNA probe and erythromycin MICs for it were in the range of 4 to 8 g/ml.
A third unique clone belonging to serogroup 19, with extremely high levels of penicillin and erythromycin resistance (assigned to PFGE pattern K), was phenotypically erythromycin and streptogramin-B resistant but remained clindamycin susceptible (unpublished data). This group of isolates did not react with either the ermB or mefE probes, suggesting that the macrolide resistance of these bacteria is accomplished by a mechanism yet to be determined.
The reason for the large numbers of clonal clusters in this collection is not fully clear. It is conceivable that part of the clustering may be related to nosocomial spread. For instance, PRSP with the clonal assignment I and M were all from the HID. On the other hand, isolates with the PFGE assignment of A, J, or K were recovered in four of the seven hospitals participating in the survey.
Special comments are appropriate for the two clusters to which we assigned PFGE patterns A and I. The first of these, represented by 13 isolates, had serotype 23F and was resistant to penicillin, tetracycline, chloramphenicol, and trimethoprimsulfamethoxazole. In all these properties this cluster was indistinguishable from one of the internationally spread (Spanish/ USA) clones of pneumococci. Bulgarian isolates belonging to this clone also generated RFLP patterns from their pbp1a, pbp2x, and pbp2b genes which were identical to the corresponding DNA fingerprints obtained from the authentic members of the Spanish/USA clone. A single isolate (Bul 53) was also resistant to erythromycin (erythromycin MIC, 8 g/ml) and gave a positive signal with the mefE DNA probe.
The second cluster, composed of 22 isolates and belonging to serogroup 9, was assigned the PFGE pattern I. The penicillin resistance of this cluster (MIC, 1 to 2 g/ml) was accompanied only by a resistance to trimethoprim-sulfamethoxazole. All these properties, as well as the RFLP patterns generated from the pbp1a, pbp2x, and pbp2b genes of this cluster, indicated that these bacteria were representatives of a second widely spread (French/Spanish) S. pneumoniae clone with high frequencies in several Western European and South American countries (3, 28) . Our observations suggest that the two clones with PFGE patterns A and I, respectively, were introduced into Bulgaria from abroad. While all members of the PRSP clone with PFGE pattern I from the Bulgarian collection expressed capsular polysaccharide 9 (9A, 9V, and unfactored), pneumococcal isolates with exactly the same PFGE pattern, RFLPs of pbp genes, and antibiotype have been reported to express the capsular polysaccharide 14 in isolates from several other countries, for instance, in France, Uruguay, Argentina, and Colombia (2, 8, 28) . The PFGE patterns in this particular cluster were identified by using two different restriction enzymes (SmaI and ApaI) for the PFGE separation of DNA fragments (see Fig. 2A and B). This observation already noted by others (9) suggests that this clone of PRSP may be the product of capsular transformation events, which must have occurred in vivo (1, 3, 20) .
The comparison of the fingerprint patterns in Fig. 4 allows several interesting conclusions. The two Bulgarian serotype 23 isolates with PFGE pattern A (Bul 89 and 22; Fig. 4, lanes 1  and 2) showed pbp1a, pbp2x, and pbp2b RFLPs identical to those of an authentic representative of the international clone A (strain Clev 2, an isolate from Cleveland in 1989; Fig. 4 , lane 3), confirming that these three strains not only had common chromosomal backgrounds but identical pbp genes as well. Lanes 4 and 5 in Fig. 4 show pbp gene fingerprints of two representatives of the low-level penicillin-resistant (MIC, 0.1 g/ml) PFGE type E cluster from Bulgaria. The identities of all the RFLP patterns are apparent. As expected for these isolates for which penicillin MICs are low, they also shared gene profiles for pbp1a that are virtually identical with those of the penicillin-susceptible control strain R6, while they differed from R6 in their pbp2x and pbp2b patterns. A third Bulgarian strain, belonging to the same clonal background (PFGE pattern E) but with high-level penicillin resistance (Sof 370; MIC, 4.0 g/ml), was run in lane 6 (Fig. 4) . As expected, the pbp1a, pbp2b, and pbp2x gene fingerprints of this isolate differed from those of strains Bul 72 and Bul 78, two strains sharing the same PFGE pattern E background. Interestingly, the pbp1a and pbp2x fingerprints of Sof 370 differed from those of strain R6, while the pbp2b fingerprints of Sof 370 were indistinguishable from the corresponding pbp fingerprint of the penicillin-susceptible R6 strain. It has been suggested that the mosaicism of the pbp1a, pbp2x, and pbp2b genes is a common feature of pneumococci with high-level resistance to penicillin. Sof 370 appears to be an exception, since the pbp2b gene of this isolate had an RFLP pattern similar to that of the penicillin-susceptible control strain. It should be noted that the MIC of cefotaxime for strain Sof 370 was also high (4 g/ml), a resistance that is supposed to involve altered forms of pbp1a and pbp2x but not pbp2b (12) .
RFLPs of the pbp genes from three representatives of serogroup 9 (Bul 45, Bul 125, and Bul 85; Fig. 4, lanes 8 to 10) , sharing the PFGE pattern I typical of the second international clone, and seven representatives of the highly penicillin-resistant PFGE pattern K clone (lanes 11 to 17) showed that members of each of these two clones shared a set of identical pbp1a and pbp2b fingerprints, each typical of their particular clone. The serogroup 9 isolates had a common pbp2x pattern as well. On the other hand, this was not the case for representatives of the clone with PFGE pattern K, for which each of the seven isolates had a distinct pbp2x fingerprint, one of which was actually indistinguishable from the pbp2x fingerprint of the international clone A.
Additional examples of the existence of similar pbp genes in diverse genetic backgrounds are shown in Fig. 4 . For instance, the pbp2x fingerprint of strain Bul 29 (PFGE pattern K) is identical to that of strain Sof 370 (PFGE pattern E). Close similarities exist between the pbp1a gene fingerprint profiles of strains with clonal type A (Fig. 4, lanes 1 to 3) and those of the multiresistant clone from Iceland (lane 7), as well as the pbp1a fingerprints of the serogroup 9 (PFGE pattern I) isolates. Clones of type A and type I also had very similar pbp2b fingerprints. Together these findings provide further examples of the extensive genetic exchanges that occur among genetic lineages of S. pneumoniae in vivo.
